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ABSTRACT 

In this paper network synthesis and analysis problems re
lated to the design of an overall routing plan for the 
signalling network of the future German ISDN are presen
ted. The planned German ISDN signalling network is a large 
scale network, consisting of about 7,000 signalling points 
(SP) and more than 600 signalling transfer points (STP). 
Any overall routing plan can be viewed as a superposition 
of individual destination-based routing plans that are 
modelled as weighted directed graphs. These digraphs will 
subsequently be called routing graphs. 
The following problems are discussed in more detail: 

Ql data representation of an overall routing plan 
Q2 computer aided detection of signalling message (SM) 

cycles in a given overall routing plan 
Q3 design of overall routing plans that avoid SM cycles 

Q2 and Q3 can be dealt with in terms of unacceptable rou
ting graph cycles, respectively SM-acyclic routing graphs. 
A graph-theoretical characterization of SM-acyclic routing 
graphs and - as an application hereof- procedures 

for testing routing graphs on unacceptable cycles, and 
for designing SM-acyclic routing graphs 

are presented. 
Finally the computing time complexity and storage require
ments for the application of these procedures to the 
planned signalling network are discussed. 

1. INTRODUCTION 

The German PTT (Deutsche Bundespost) network is currently enhanced 
with the Siemens EWSD and SEL System 12 families of digitally 
switched SPC exchange~ and associated digital transmission systems. 
CCITT Signalling System No. 7, as stipulated in the Application 
Specification IR7, was adopted for interexchange signalling within 
the German network in order to have an independent common-channel 
signalling system serving the future ISDN. 
A major task signalling network planners are faced with is the 
design of routing plans that are based on the technical features 
of the new signalling system and enable a highly reliable exchange 
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of SM. Before stating the problems to be solved, we resume some 
features of the CCITT Signalling System No. 7 which are important 
for routing planning. 

2. BASIC ROUTING FEATURES OF THE CCITT SIGNALLING SYSTEM NO. 7 

The CCITT Signalling System No. 7 provides for two signalling 
modes, link-by-link and end-to-end. The link-by-link signalling 
mode provides for the exchange of SM between adjacent SP (i.e. SP 
connected directly by signalling links), while the end-to-end sig
nalling mode is designed for the exchange of SM between nonadjacent 
SP. SP having the capability of transferring SM neither originated 
at nor destined for them are called STP. 
The routing of signalling messages is performed 

on a step-by-step basis 
according to the destination SP of the SM and priority rules 
based on routing conditions 
without keeping track of already passed SP. 

The signalling network management provides procedures for diver
ting signalling traffic from one signalling link to alternative 
signalling links, respectively routes, in case of link failures, 
processor outage or traffic congestion and for diverting it back 
to the initial signalling link in case of failure restauration. 
The associated procedures are 

CHANGEOVER 
(CHANGEBACK) 

in case of failure conditions in adjacent 
SP or emanating signalling links 
in case of other failure conditions FORCED REROUTING 

(CONTROLLED REROUTING) 
TRANSFER PROHIBITED 
(TRANSFER ALLOWED) 

for communication on the availability of 
signalling routes 

The desired overall routing plan is a three-dimensional array 

C = «{c{i,j,k),i=I,2, .. ,nc),j=I,2, .. ,nsp),k=1,2, .. ,nsp) (2.l) 

meeting the following requirements: 

RI Each signalling relation (i,j) should have at least a first 
choice route connecting SP i with SP j. 

R2 Cycling of signalling messages should be impossible both in 
case of normal and in case of failure conditions. 

R3 The availability of each signalling relation (i,j) should be 
greater than a prespecified value a(i,j). 

c{i,j,k) is the i-th choice SP, being offered by SP j SM destined 
for SP k. 

nc is the number of routing choices 
nsp is the number of SP belonging to the network. 

In this paper we concentrate on requirement R2. 
Rl is easy to check, while end-to-end blocking probabilities can be 
calculated be means of very efficient recursive formulae (see for 

. exemple Gaudreau [3] and Chan [4]) . . 
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FIGURE 1 Routing notations and principles 

In Figure . 1 an example of routing for different routing conditions 
is given. In case of normal routing conditions, SM arriving at 
SP j1 and destined for SP k are routed via SP j2 (j2 = c(l,ji,k» 
and SP c(1,j2,k) toward their destination. 
Should SP c(1,j2,k) become unable to receive and transfer these SM 
then, by means of Changeover, the previously mentioned signalling 
traffic is diverted to the signalling link (j2,c(2,j2,k». 
At the same time, the transfer of SM destined for SP k, from SP 
c(2,j2,k) to SP j2 is prohibited. 
If none of the SP c(i,J2,k) i = 1,2, ... ,nc is able to receive 
or transfer SM destined for SP k, then the transfer of these SM 
from SP j1 to SP j2 is prohibited. Consequently by means of Forced 
Rerouting, routing of these SP in SP jl is appropriately changed 
and the transfer of SM destined for SP k, from SP c(2,Jl,k) to SP 
j1 is prohibited. 

3. ROUTING PLAN DATA REPRESENTATION 

3.1 Origination-based routing plans 

In sparse networks, as in the case of almost all large scale net
works, an individual SP j cannot provide different routing pat
terns «c(1,j,k),c(2,j,k), ... ,c(nc,j,k» for all destinations k. 
For this reason, the associated overall routing plan can be repre
sented as a sequence of origination-based routing plans ORP(j), 
j = 1,2, ... ,nsp, where consecutive destinations k that have identi
cal routing patterns, are treated as one destination domain (j,r). 

d(j ,1) d(j,2) ..... . d(j,m(j» 

n( l,j,l) n( l,j ,2) · . . . . . n( 1,j,m(j» 
n( 2,j,1) n( 2,j,2) · . . . . . n( 2,j,m(j» 

ORP(j) = · . . . . . (3.1) 
· . . . . . 
· . . . . . 

n(nc,j ,1) n(nc,j,2) · . . . . . n(nc,j ,m(j» 
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d(j , r) is the lowest SP index, being contained in the destina-
tion domain (j , r) 

m(j) is the number of destination domains of SP j 
n(i,j,r) is the i-th choice SP, being offered by SP j SM des-

tined for destination domain (j , r) i.e. 

n(i,j,r) = c(i,j,k) for d(j,r) ~ k < d(j,r+l) (3.2) 

3.2 Destination based routing plans 

Origination-based routing plans are a compact routing plan data 
representation, enabling decentralized storage of the overall rou
ting plan. However, for routing plan testing and design purposes 
(see requirements RI,R2,and R3 in section 2), a destination-based 
approach is preferable. 
For this reason, we define for each destination k 

c( 1,I,k) c( 1,2,k) · . . . . . . c( l,nsp,k) 
c( 2,I,k) c( 2,2,k) · . . . . . . c( 2,nsp,k) 

· ...... 
DRP(k) = · . . . . . . (3.3) 

· . . . . . . 
· . . . . . . 

c(nc,l,k) c(nc,2,k) · ...... c(nc,nsp,k) 

as the destination-based routing plan, where the notations refertc 
(2.1). DRP(k) can easily be extracted from the origination-based 
routing plans by means of relation (3.2). 

A destination-based routing plan can be viewed as a directed, arc 
weighted graph RG (N,A,w), where N is the set of nodes, A is the 
set of arcs, and w is the weight function. RG (N,A,w) is called 
routing graph (for destination k). For simplicity reasons, we will 
neglect the subscript k in the following. 

= 11 , 2 , ... , ns p J N 
A 
w(j ,c(i,j ,k» 

= {(j,c(i,j,k) 11 ~ j ~ nsp, 1 ~ i ~ nct 
= -i for all (j,c(i,j,k»EA. 

4. The SM cycling problem 

4.1 Problem formulation 

As mentioned by Fischer [1] and shown in Figures 2 and 3, unsui
table routing plan design may lead to SM cycles. 
Consider, for exemple, the routing of SM destined for SP 5. 
In Figure 2, in case of normal routing conditions these SM are per
forming the cycle «1,2),(2,1», while in Figure 3 they may per
form the cycle «1,2),(2,3),(3,1» only if none of the signalling 
links (1,5),(2,5) and (3,5) are available. 
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FIGURE 2 
l-st choice cycle of length 2 

FIGURE 3 
Cycle of length 3 

We are now asking for an exact characterisation of routing plans 
that meet requirement R2 (see section 2). The answer is given by 

LEMMA I A routing plan C is meeting R2 if and only if, for each 
destination k, the associated routing graph RG(N,A,w) has no unac
ceptable, cycles, i.e. 

no l-st choice cycles «r,s),(s,r» of length 2 and 
no (elementary) cycles of length greater than 2. 

DEFINITION 1 Routing graphs having no unacceptable cycles are 
called SM-acyclic routing graphs. 

Lemma 1 is well suited for for testing given routing graphs on un
acceptable cycles (analysis problem). For synthesis purposes how
ever, a more general characterisation of SM-acyclic routing graphs 
is required. Such a characterisation is given in section 4.2. 
It should be mentioned that it may also be used for routing graph 
analysis purposes and for calculating end-to-end ~locking probabi
lities recursively. 

4.2 Characterisation of SM-acyclic routing graphs 

THEOREM 1 A routing graph RG(N,A,w) is SM-acyclic, if and only if 
its node set N can be partitioned into m disjunct subsets N1 , N2 , 

, ... ,Nm . (hierarchy tiers), such that the following properties hold: 

PI ( r , s ) EA, rE Ni' S E N j imp 1 i e s i ~ j . 
P2 (r,s)EA, (s,r)EA, rENj , sEN j implies w(r,s)+w(s,r) > 2. 
P3 The undirected subgraphs UG(N t ,Lt), t . = 1,2, ... ,m 

whe re Lt = I [ r , s] I (r, s ) EA, rE N t' S ENd., ha v e no cy cl e s . 

Proof "=>" Assume that for a given routing graph RG(N,A,w) there 
is a partition of the node set N, such that Pl,P2 and P3 hold. 
PI implies that no inter-tier cycles are possible. In conjunction 
with this implication, it follows from P2 that RG(N,A,w) has no 
1-st choice cycles of length 2, while from P3 it follows that no 
cycles of length greater than 2 may may be present in RG(N,A,w). 
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"<=" Assume that RG(N,A,w) is SM-acyclic. Then the following con
truction method will lead to a partition of the node set, satisfy
ing PI,P2 and P3. 

Step 1 
Step 2 
Step 3 

Step 4 
Step 5 
Step 6 
Step 7 

Procedure RGPART 
compute all maximal ping-pong sets of RG(N,A,w) (Def. 2), 
NN:= N; AA:= A; i:= 1 
Nj := I jENN I there is no arc (r,s)EAA, where s belongs to 
the same maximal ping-pong set as j, while r does not\ 
NN : = NN\ N j ; AA : = AA \ I (r, s ) EA' rE N d 
if NN or Nj are empty then stop procedure. 
i:= i+l 
gota step 3. 

DEFINITION 2 Let RG(N,A,w) be a given routing graph. NI, a subset 
of the node set N, is called ping-pong set if for each node pair 
(r,s)ENIxNI, there is a "chain" of cycles of length 2 
«(t(I),t(Z»,(t(Z),t{I», ... ,{{t(n-l),t(n»,{t{n),t(n-I») in 
RG(N,A,w), connecting the two nodes r (=t(l) and s (=t(n». 
A ping-pong set NI is called maximal if there is no ping-pong set 
N2 ~ NI, beeing a supers et of NI. 
From the SM-acyclicity of RG(N,A,w) it follows that RG(N,A,w) has 
no I-st choice cycles at all. This implies that P2 is true. 
PI is a consequence of the following two facts that hold for each 
iteration i: 

There is no arc connecting a node r belonging to the actual set 
NN (step 4) with a node sEN j • 

Any Nj ,j > i recruits its nodes from the node set NN defined in 
iteration i. 

From the definition of the node sets Nl , N2 , ••• it follows that 
each Nj consists of a set of maximal ping-pong sets joined by no 
connecting arc. 
This implies that a cycle in an undirected subgraph UG(N t , Lt) is 
confined to consist of nodes belonging to a common maximal ping
pong set. From Definition 2 it follows that the assumed cycle in 
UG(Nt , Lt) implies the existence of a cycle of length greater than 
2 in RG(N,A,w), which is a contradiction to the assumption that 
RG(N,A,w) is SM-acyclic. 
It is obvious that if RGPART is terminated after iteration m with 
NN being empty, then N1 , N2 , ••• , Nm is a partition of N. 
As termination of RGPART with Nj being empty implies the existence 
of a cycle of length greater than 2 in RG(N,A,w), the assumed SM
acyc1icity of RG(N,A,w) garantees termination of RGPART with NN 
being empty (end of proof). 

LEMMA 2 RGPART is' terminated with a partition of at least 2 non
empty sets, if it is applied to a SM-acyclic RG(N,A,w) having at 
least one arc (r,s)EA with (s,r)~A. 

In Figure 4, a SM-acyclic routing graph is shown 
a) in the original form and 
b) in the hierarchical form (after node partitioning) 

The maximal ping-pong sets are 11 ,4,31, 12 1, \5,61, and 171. 
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a) original form b) hierarchical form 

FIGURE 4 Representation of a SM-acyclic routing graph 

4.3 Testing given routing graphs on unacceptable cycles 

Willie [2] presented a classical matrix-based method for detecting 
cycles in directed graphs. This method is applicable to the detec
tion of unacceptable cycles in routing graphs after 3 preliminary 
steps have been carried out: 

computation of the maximal ping-pong sets of the routing graph 
- testing each maximal ping-pong set on unacceptable cycles 
- reduction of the routing graph by replacing each ping-pong set 

by exactly one artificial node 

However, for reasons of computational complexity, this method is 
less efficient than the following procedure which is a straight
forward application of RGPART. 

Step 1 

Step 2 

Step 3 
Step 4 

Procedure CYCLE-TEST 
compute the maximal ping-pong sets of the given routing 
graph RG(N ,A, w) . 
test each maximal ping-pong set on unacceptable cycles and 
stop procedure if such a cycle is found. 
apply RGPART to RG(N,A,w). 
if RGPART is terminated after iteration m with Nm = ~ then 

write" cycle in subgraph SG{NN,AA) !" 
else 

write" RG(N,A,w) is SM-acyclic !" 
endif 

CYCLE-TEST is well suited for deciding wether a given routing 
graph is SH-acyclic or not. For detecting and identifying elementa
ry cycles of length> 2, the following procedure has been adopted: 
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Step 2 

Step 3 
Step 4 

Step 5 

Step 6 
Step 7 
Step 8 

Step 9 
Step 10 
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Procedure CYCLE-ID 
for j:= 1 until j:= nsp-1 do 
begin 
pred{r):= 0 for r = 1,2, ... ,nsp 
ONS:= {j}, pred{j) = 00 

while CONS ~ ~) do 
choose an index jact ONS on a first-in-first-out basis. 
release jact from ONS. 
for i:= 1 until i:= nc do 
begin jn:= c{i,jact,k) 
if (jn < j or jn = pred(jact» then 

goto end 
else 

if (jn belongs to the same ping-pong set as j 
and pred(jn) ~ 0) then 

write "cycle found" 
identify cycle (by means of pred) 
goto end 

else 
if (pred(jn) = 0) then 

pred(jn) : = j act 
include jn into ONS 

endif 
endif 

endif 
end 

endwhile 
end 

k is the fixed destination, c contains the routing data, while 
pred{r) denotes the predecessor node of node r. 
CYCL-ID may be modified in order to remove unacceptable cycles in 
an interactive manner. 

4.4 Design of SM-acyclic routing graphs 

The assertion of Theorem 1 directly favours the following proce
dure for designing SM-acyclic routing-graphs. 

Step 1 
Step 2 
Step 3 

Step 4 

Procedure RG-DESIGN 
choose m, the number of hierarchy tier~. 
decide on the partitioning of nodes in hierarchy tiers. 
eliminate links within hierarchy tiers in order to satisfy 
the tree property P3 of Theorem 1. 
design routing graph RG(N,A,w) such that the monotonicity 
property PI and property P2 are met. 

RG-DESIGN is well suited for decentralized routing planning. 
All data that is required in a particular SP j for planning the 
routing of SM for a given destination k are 

a list of adjacent SP belonging to hierarchy tiers which are 
greater than or equal to its own hierarchy tier, and 
a list of SP belonging to its own hierarchy tier and being 
allowed to choose SP j as l-st choice SP. 

Should the hierarchy tiers be given a priori {for exemple as re-
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suIt of CYCLE-TEST), then it is easy to decide, wether a new arc 
(r,s) may be added to the routing graph for availability improve
ment. 

5. COMPUTING TIME AND STORAGE REQUIREMENTS 

In this section we discuss computing time and storage requirements 
necessary for testing a given routing plan on R2 (see section 2). 
From their definition it follows that exclusively STPs may contri
bute to SM cycles. Hence, in order to check requirement R2, it is 
sufficient to analyze the routing of SMs in STPs. Denoting 

nstp as the number of STPs in the signalling network 
nsp as the number of SPs in the signalling network 
nc as the average number of routing choices per destination 

and STP 
ndd as the average number of destination domains per STP, 

we get the following results: 
- storage complexity (ORP centrally stored) 
- storage complexity (ORP decentrally stored) 
- computing time complexity 

6. RESULTS AND FUTURE WORK 

(nstp x ndd x nc) 
(nstp x nc) 
(nsp x nc x nstp2) 

The main result of this paper is the discovery of destination
based hierarchy tiers in SM-acyclic routing graphs (Theorem 1). 
Hierarchy tiers that are common to all destinations (Willie [2]) 
have been considered too. The latter concept was abandoned, when 
it turned out that it corresponds to special destination-based 
hierarchies requirering no additional storage expense. 
A routing plan validation procedure (RPVP) for testing given rou
ting plans on RI and R2 has been implemented and tested. 
The next step will be the implementation of an extended RPVP which 
is able to detect violations against R3 (availability constraints) 
and automatically overcoming them by adding new routing choices to 
the given routing plan. 
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